loss of Cbp led to mild changes to late red blood cell development in male mice, this was not apparent in female Cbp -/-mice, and is potentially due to their elevated estrogen, which is known to facilitate early progenitor self-renewal.
Introduction
Signalling downstream of the erythropoietin receptor (EpoR) requires the activation of JAK2, but also involves Src family kinases (SFK) to facilitate dynamic signaling. [1] [2] [3] [4] [5] [6] [7] We have shown that the SFK Lyn is important for viability and differentiation signals elicited by erythropoietin (Epo) in erythroid progenitors from Lyn knockout mice, signalling principally through Akt/FoxO3. [8] [9] [10] [11] [12] Further, erythroid cells expressing a gain-of-function mutant form of Lyn (Lyn up , Y508F) showed pronounced Akt/FoxO3 signaling that enhanced viability but delayed differentiation. 10 Lyn also appears critical for providing negative feedback via SHP-1 to restrict Erk1/2 signalling and JAK2 activation. 11, 13 Consequently, the regulation of Lyn activity is important for controlling erythropoiesis, with gain-and loss-of-function Lyn mutant mice showing significant erythroid phenotypes. [9] [10] [11] 13 Controlling SFK activity, including that of Lyn, is mediated by phosphorylation of activating and inhibitory sites, as well as by protein-protein interactions. 14 In its inactive form, Lyn has two main intramolecular interactions, its SH3 domain binds to a site linking the SH2 and kinase domains, and its SH2 domain binds to the phosphorylated C-terminal tyrosine motif (Y508 site). The principal kinase mediating phosphorylation of the inhibitory C-terminal Y508 site and inactivation of the enzyme is C-Src kinase (Csk). [15] [16] [17] [18] In the active configuration, Lyn is dephosphorylated on Y508 and phosphorylated on the activation loop tyrosine (Y397), thereby rendering the enzyme's SH3 and SH2 domains available to ligate high affinity motifs in adaptor/scaffold molecules. The subcellular location of Lyn is also regulated by ligation of its SH3/SH2 domains and lipid modification of its N-terminus; myristoylation and palmitoylation promote compartmentalization in to lipid rafts. 19, 20 Csk-binding protein (Cbp, also known as PAG1 for phosphoprotein associated with GEMs; glycosphingolipid enriched microdomains) is primarily restricted to lipid rafts and is phosphorylated by activated SFKs (including Lyn), which mediates high affinity SH2
domain-directed binding of SFKs and Csk to specific pY motifs on Cbp, to orchestrate dynamic localized inactivation of activated SFKs. 17, 18, [20] [21] [22] Within erythroid cells we have shown that Epo-induced activation of Lyn mediates phosphorylation of Cbp to recruit Csk to achieve the spatial/temporal signalling dynamics of Lyn. 17 However, the critical importance of Cbp for primary erythroid cell development and signaling has remained unclear. Consequently, we anaysed the loss of Cbp on the erythroid compartment in vivo and erythroid cell signaling. We found significant alterations to late erythroid development in the bone marrow of male Cbp -/-mice, and in isolated primary erythroid cells and cell lines generated from Cbp -/-mice, viability signaling through Akt/FoxO3 was increased that resulted in increased viability during differentiation. The high Akt activity in Cbp -/-cells disrupted GAB2/SHP-2 feedback inhibition of Lyn and the elevated Lyn activity also increased inhibitory signaling via SHP-1 to restrict the Erk1/2 pathway. Interestingly, alterations to late red blood cell development was only apparent in male mice, potentially due to the elevated estrogen in female mice which facilitates more early progenitor selfrenewal. 23 Taken together, these biological and biochemical experiments suggest that Cbp has a critical role in erythroid cells to facilitate control of Lyn activity downstream of the Epo-receptor, for its promotion of viability signaling to Akt/FoxO3 and negative feedback of Erk1/2 and JAK2 via SHP-1/2.
Methods
Mice, primary erythroid cell analysis and erythroid cell line generation C57BL/6J and Cbp -/-(on a C57BL/6J background, backcrossed >20 generations) 24 mice were used at day 12.5-13.5 of embryonic development for the generation of erythroid cell lines, 25 and as 8-15 week old adults for flow cytometric analysis of bone marrow, spleen and blood parameters. Heparinised paediatric tubes were used for blood collection and blood cell parameter determination on an Advia 120 (Siemens, Deerfield, IL).
Immortalized erythroid cell lines were generated as described 25 and analysed as described in Supplemental material. Male and female lines were generated and showed no significant gender-specific alterations to cell biology or signaling parameters. For analysis undertaken here we utilized only female cell lines (Supplemental Figure S1 ). Primary cell isolation and analysis for signaling experiments were as previously described 26 and in Supplemental material. Cell morphology was examined microscopically, following cytocentrifugation and Wright's Giemsa staining with, or without, neutral benzidine staining for haemoglobin 27 . All animal experiments were performed in accordance with National
Health and Medical Research Council of Australia guidelines for animal experimentation, with approval from the Royal Perth Hospital, Perth (Western Australia).
Flow cytometry
Flow cytometry of single cell suspensions of bone marrow, spleen and cultured erythroid cells was employed to assess cell surface expression using fluorophorconjugated antibodies as described in Supplemental material.
Cell lysis, immunoblotting and immunoprecipitation
HEK293T cells (cultured in DMEM/10% FCS) were used for transient expression experiments with plasmids transfected using Lipofectamine2000 (Life Technologies) as per the manufacturer's instructions. HEK293T and erythroid cells were lysed and analysed by immunoblotting and immunoprecipitation as described in Supplemental material.
Recombinant protein expression, purification and interaction analysis
All plasmid constructs were generated by site directed mutagenesis, using oligonucleotides (sequences available upon request), and subcloned into the appropriate vector and confirmation by Sanger sequencing. The myc-tagged Cbp expression constructs (pCMV-Cbp) were generously provided by Dr. M. Okado (Osaka University, Japan) 22 . The construction of the murine Lyn expression plasmid pCA-LynY508F has been previously described. 8 The generation, expression, purification and subsequent analysis of recombinant protein interaction by bio-layer interferometry was undertaken as described in Supplemental material.
Statistical analysis
For general statistical analysis experiments were repeated as three biological replicates and analysed by student's t-test or ANOVA with two-tailed analysis (GraphPad Prism, v6.0f, GraphPad Software, San Diego, CA).
Results

Cbp knockout mice have altered erythropoiesis.
To examine the role of Cbp in erythroid development we analysed the blood, bone marrow and spleen of adult mice, comparing C57BL/6 control mice to Cbp -/-mice. 28 Since it is now known that there are sex differences in erythropoiesis, 23 Figure 1B) . 29 This showed bone marrow erythroblasts from male Cbp -/-mice had significantly retarded maturation, which was not seen in female mice ( Figure 1B , Supplemental Figure S2C, D) . We then analysed bone marrow differentiation capacity ex vivo and found that all showed significantly elevated hemoglobin production in the presence of Epo (Supplemental Figure 3A) .
However, bone marrow from male Cbp -/-mice had reduced hemoglobin production compared to male control animals, while female Cbp -/-mice showed no such deficit (Supplemental Figure 3A) .
While male mice displayed no significant differences in early progenitors within the bone marrow, namely the common myeloid progenitor (CMP), granulocyte/macrophage progenitor (GMP) and megakaryocyte/erythroid progenitor (MEP) (Supplemental Figure   S2E ), we observed a significant elevation of GMP and a trend (p=0.088) for increased MEP in the bone marrow of female Cbp -/-animals compared to controls ( Figure 1C ).
Having observed gender-specific abnormalities in the bone marrow of Cbp -/-mice, we then analysed their spleen, for extramedullary emergency erythropoiesis. Male Cbp -/-mice had significantly heavier spleens relative to total body weight than female Cbp -/-animals ( Figure 1D ), which also appeared to contain more mature erythrocytes than wildtype male mice ( Figure 1E ). Indeed, the spleen from male Cbp -/-mice showed increased numbers of mature erythrocytes compared to control animals ( Figure 1F ). However, no significant increase in erythroid progenitors or alterations to erythroid development was detected in the spleens of male or female Cbp -/-mice ( Figure 1F , and data not shown). Consequently, the increased differentiation of J2-Cbp -/-cells may be due to an increased capacity to import transferrin/Fe as well as increased synthesis of globin protein.
Erythroid cell lines from
Additionally, the increased viability of J2-Cbp -/-cells would allow more cells to proceed through differentiation especially at lower Epo levels, which would also result in increased numbers of differentiating cells, as was observed.
Lyn phosphorylates Cbp and mediates direct binding of SFKs (Lyn, Src) and Csk,
and Cbp -/-erythroid cell lines have elevated lipid raft associated SFK activity.
Utilizing the isolated Lyn kinase domain 30 and the purified cytoplasmic region of Cbp, we show that Cbp is phosphorylated directly by Lyn ( Figure 3A ). This We next investigated known down-stream pathways of Lyn and Epo-R in more detail ( Figure 4 ). Here we found that JAK2 activation was essentially normal, however, the Epo-R itself displayed substantially reduced phosphorylation in J2-Cbp -/-cells ( Figure 4A ).
This may suggest that activation of the Epo-R/JAK2 complex was normal but its inactivation was elevated in J2-Cbp -/-cells. Further, both STAT5 and Akt showed enhanced activation; while Erk1/2 displayed reduced activation in J2-Cbp -/-cells compared to J2-WT cells in response to Epo ( Figure 4A ).
We then looked at signaling intermediates and other down-stream components that influence the Epo-R cascade ( Figure 4B ). Importantly, cells lacking Cbp failed to switch on Epo-induced downregulation of Lyn via phosphorylation of the inhibitory C-terminal tyrosine (Y508) of Lyn, supporting the role of Cbp in recruiting Csk to mediate phosphorylation of this inhibitory site ( Figure 4B ). Putting both the activation loop and inhibitory C-terminal site phosphorylation dynamics together shows that Epo-induced a strong dynamic activation followed by inhibition in J2-WT cells, while J2-Cbp -/-cells have constitutively activated Lyn (Supplemental Figure S5) . The phosphatase SHP-1, an important substrate of Lyn, was prominently and constitutively activated in J2-Cbp -/-cells, which could explain the reduced Epo-R phosphorylation and Erk1/2 activation in these cells ( Figure 4A, B) . 33, 34 No major alteration to SHP-2 phosphorylation dynamics was seen in J2-Cbp -/-cells ( Figure 4B ). The adaptor GAB2 has inhibitory serine phosphorylation mediated by Akt and activation tyrosine phosphorylation facilitated by Lyn. One of the major pathways regulated by Akt is that of translation control. 44 Elevated
Akt activity in J2-Cbp -/-cells correlated with activation of several pathway components that promote translation (i.e. p70S6K, eIF4E and 4E-BP1), but also increases in an inhibitory marker (i.e. phosphorylation of eIF2a) ( Figure 5A ). Overall, phosphorylation of the proximal translation regulator S6 was not significantly elevated in J2-Cbp -/-cells, with a delayed but equivalent maximal activation of S6 phosphorylation in J2-Cbp -/-cells ( Figure   5A ).
A link between Akt and Lyn has been suggested in previous studies, both directly and indirectly, 41, 42 and with Akt and Lyn both activated in J2-Cbp -/-cells, we investigated the degree of interaction of these two proteins. In both J2-WT and J2-Cbp -/-cells Lyn and
Akt could be co-immunoprecipitated, however, the interaction was significantly enhanced in the J2-Cbp -/-cells at the 0 and 1.5 min time points ( Figure 5B ). Further, the potential for direct activation of Akt by tyrosine phosphorylation 43 by Lyn in these complexes was supported by the observation that in J2-Cbp -/-cells, significant Y315 site phosphorylation of Akt could be observed after Epo stimulation ( Figure 5A ). Figure 6B ). Further, elevated inhibitory serine phosphorylation of GAB2 was also observed in Cbp -/-cells, which correlated with reduced tyrosine phosphorylation, while no major changes to SHP-2 phosphorylation were seen ( Figure 6B ). We also assessed Akt phosphorylation dynamics in the bone marrow differentiation cultures from male and female Cbp -/-and control mice (Supplemental Figure 3S) . While no gender-specific alterations to pAkt were observed, Cbp -/-lysates consistently showed higher pAkt levels compared to control bone marrow cultures (Supplemental Figure 3B) .
Enhanced
Discussion
In this study we provide compelling evidence for the transmembrane adaptor Cbp However, there was a modest difference in RBC numbers between male and female Cbp -/-mice that is normally seem in the background strain used in these studies (C57BL6/J). 45 Further, we observed a mild alteration to the maturation dynamics of bone marrow The Epo-stimulated viability of erythroid cells and their initiation of exit from the cell cycle during differentiation are in part mediated by Akt-directed phosphorylation of FoxO3. [49] [50] [51] FoxO3 also appears important during the latter stages of differentiation for reducing oxidative stress triggered by high levels of haemoglobin that accumulate during erythroid differentiation as well as cell cycle exit. 52 We observed that phosphorylated Akt Indeed, while SFKs are very important for T-and B-cell signaling and biology, the lack of major phenotypes of these compartments in Cbp -/-mice would initially appear surprising.
However, several T-and B-cell expressed adaptors have sequence and/or functional overlap with Cbp that are known to bind Csk and could well provide additional negative regulatory control of SFKs, i.e. LIME 57, 58 and SIT. 59 It would be beneficial to address this important point of functional redundancy of these SFK-regulating transmembrane adaptors by analyzing cells/mice with Cbp and LIME/SIT deleted. There are several additional adaptors/scaffolds that can bind Csk (e.g. paxillin, IRS, caveolin-1, SgK223), 60 which could also mediate subcellular specific regulation of SFKs through Csk, and thus provide partial functional redundancy for loss of Cbp within their respective signaling complexes.
An important additional mode of regulation of SFKs is via phosphatases, which can provide both activation through dephosphorylation of the negative C-terminal tyrosine (e.g. 
